The electrochemical instability of semiconductors in aqueous electrolytes has 13 impeded the development of robust sunlight-driven water-splitting systems. We review the use of 14 protective thin films to improve the electrochemical stability of otherwise unstable semiconductor 15 photoelectrodes (e.g., Si and GaAs). We first discuss the origins of instability and various strategies 16 for achieving stable and functional photoelectrosynthetic interfaces. We then focus specifically on 17 the use of thin protective films on photoanodes and photocathodes for photosynthetic reactions that include oxygen evolution, 18 halide oxidation, and hydrogen evolution. Finally, we provide an outlook for the future development of thin-layer protection 19 strategies to enable semiconductor-based solar-driven fuel production.
INTRODUCTION
20 Photoelectrochemical (PEC) systems capture the energy of 21 sunlight and enable the storage of that energy in the chemical 22 bonds of a commodity chemical or fuel, such as hydrogen. 23 Chemical fuel can be used to power vehicles or to generate 24 electricity on demand, in contrast to photovoltaic systems that 25 cannot generate electricity during cloudy weather or at night. 26 Efficient, inexpensive, and long-lasting PEC systems that could 27 allow for the harvesting and storage of a small fraction (0.02%) 28 of the ∼96 000 TW of solar power incident on the surface of 29 the earth could, in principle, meet all current global fuel and 30 electricity needs. In general, a PEC system uses light-absorbing materials, such 32 as semiconductors or molecular systems, to capture photons 33 and convert the energy of the photons to excited states of 34 charge carriers. The internal energy in these excited states can 35 be transported to the interface between the light absorber and 36 an electrolyte, at which reactive sites can facilitate oxidative or 37 reductive electron-transfer half-reactions. The reductive half-38 reaction produces a chemical fuel, whereas the oxidative half-39 reaction produces O 2 or another chemical oxidant, such as 40 halogens: I 2 , Br 2 , or Cl 2 . Because electrolysis of halide 41 compounds also stores energy in the form of renewable H 2 42 fuel, hydrogen halide splitting is also technologically relevant to 43 solar-fuel production. Protons or hydroxide ions liberated by 44 one-half-reaction must be transported to the sites where the 45 other half-reaction occurs. The products of the overall reaction, 46 a chemical fuel and an oxidant, may be formed and collected in 47 a single compartment, yielding a system that produces a 48 mixture of reactive products that subsequently must be (2)
260 where M and X are the semiconductor cation and anion; zh + is 268 Alternatively, corrosion can produce insoluble species, which 269 often remain attached to the surface of the semiconductor as a 270 thin film and retard further corrosion. Regardless of the details 271 of each given corrosion reaction, the position of the quasi- 272 Fermi level with respect to the corrosion potential determines 273 whether the photocorrosion process is thermodynamically 274 favorable under illumination.
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The studies by Gerischer were followed by further analysis of 276 Although in many cases the corrosion of a semiconducting 285 light absorber is driven by optical excitation, the corrosion 286 reaction can also occur over a wide range of potentials in the 287 dark. For example, dissolution of Si in alkaline media cannot be 288 completely inhibited by varying the electrode potential. 289 Attempts to quantify the contributions of the electrochemical 290 corrosion and chemical corrosion processes indicate that 291 chemical rather than electrochemical mechanisms dominate 292 the dissolution of Si in alkaline media. 33, 34 Therefore, the 293 changes in surface electron/hole concentrations due to optical 294 excitation and/or biasing can change the electrochemical 295 corrosion rates, but such treatments may not completely arrest 296 the corrosion of Si. 297 Several general conclusions can be drawn from the above 298 discussion. First, corrosion is ubiquitous for nonoxide semi-299 conductors that have suitable band gaps for tandem-based PEC 300 water electrolysis. Second, such corrosion can give rise to two 301 outcomes: passivation and dissolution. Passivation involves 302 corrosion reactions that result in a protective and insoluble film. 303 For example, anodization of Si in neutral solutions produces a 304 surface layer of SiO 2 , which is insoluble in many acidic and 305 neutral electrolytes. Alternatively, dissolution involves a change 306 in redox state and removal of dissolved semiconductor atoms 307 from the surface, such as the oxidation of Si and dissolution as 308 silicate species in strongly alkaline solution. 309 In many cases of passivation, including Si oxidation, the 310 passivating film is not electrically conductive, rendering this 311 region locally inactive for electrochemical reactions, but 312 possibly protected from further corrosion. As a result, 313 the energy-conversion efficiency of photoelectrodes. Figure 5 Figure 4. Schematic of a protective film for photoelectrochemical fuel generation depicting only the semiconductor near-surface region, the protective film, catalysts, and the solution, along with the properties required of the film. Figure 5 . Comparison of energy band diagrams for a semiconductor/ liquid PEC junction (left) and for a buried PV junction (right). The base semiconductors in both cases are doped n-type. In the buried PV junction case, a p-type thin layer or a semiconductor/metal Schottky barrier forms a different, and often higher, built-in voltage than the contact with the electrolyte, depending on the value of E redox and the interfacial energetic situation of the different types of contacts on the semiconductor of interest. The Journal of Physical Chemistry C 
